Abstract: We present 0.65-dB/cm loss symmetric waveguides fabricated in Gallium Lanthanum Sulfide glasses using spatial and temporal shaped ultrafast laser pulses. Micro-Raman analysis was used to correlate optical loss versus laser-induced lattice damages. Ultrafast laser processing of chalcogenide (CHG) glasses presents a unique fabrication challenge due to the inherently high second-order nonlinearity found in these materials. These nonlinearities, combined with a large refractive index, distort the focus and redistribute the laser pulse energy [1] . The resulting features exhibit high losses and poor mode quality, making them unsuitable candidates for applications in all-optical switching [2] and mid IR photonics [3] . In this paper, we present work that combines spatial beam shaping [4] and temporal pulse shaping using adaptive optical elements [5] for the purpose of correcting the induced spatial and temporal distortion of the writing beam for waveguides written in gallium lanthanum sulfide (GLS) chalcogenide glass. GLS exhibits superior environmental stability [6] and is considered a safe, non-toxic alternative to arsenic-based glasses.
Ultrafast laser processing of chalcogenide (CHG) glasses presents a unique fabrication challenge due to the inherently high second-order nonlinearity found in these materials. These nonlinearities, combined with a large refractive index, distort the focus and redistribute the laser pulse energy [1] . The resulting features exhibit high losses and poor mode quality, making them unsuitable candidates for applications in all-optical switching [2] and mid IR photonics [3] . In this paper, we present work that combines spatial beam shaping [4] and temporal pulse shaping using adaptive optical elements [5] for the purpose of correcting the induced spatial and temporal distortion of the writing beam for waveguides written in gallium lanthanum sulfide (GLS) chalcogenide glass. GLS exhibits superior environmental stability [6] and is considered a safe, non-toxic alternative to arsenic-based glasses.
In order to produce circularly symmetric waveguides, a cylindrical telescope was used to correct for indexmismatch induced spherical aberration [4] , which is thought to be responsible for the majority of the focal distortion. Waveguides were then written using a 40x aspheric objective (0.68NA) at a depth of 275 µm, with the writing pulse energy and translation speed set at 400 nJ and 250 µm/s respectively. These values were fixed, after proper adjustment of the cylindrical telescope produced circularly symmetric waveguides, in order to make a detailed comparison between laser pulse-width and propagation losses. The laser source used was a RegA 9000 system (Coherent, Inc.), delivering a minimum pulse-width of 150 fs at 800 nm and a repetition rate of 250 kHz. Pulse stretching was accomplished using a temporal pulse shaper (BioPhonics FemotJock), producing pulse-widths ranging from 150 fs to 4.5 ps. Micro-Raman measurements were performed as described elsewhere [7] . Fig. 1A (left) shows the end-facet view for a feature written at 200 nJ and a velocity of 1 mm/s. The high aspect ratio of this laser-written feature is a clear demonstration of the combined effects of spatial distortion and temporal material interaction between the writing beam and the GLS substrate. The asymmetry of the 'head' is due to spherical aberrations induced by index mismatch, while the 'tail' of the feature is a result of further elongation through nonlinear processes such as Kerr lensing. Fig. 1B -E (left) shows various guided modes for the same feature at the 'head' (B, C) and tail (D, E) for 635 nm and 1560 nm respectively. Though the modes at 1560 nm appear symmetric (left C, E), the measured losses were high and reproduction of consistent features proved difficult.
With implementation of spatial beam shaping, the pulse energy and translation speed were fixed at 400 nJ and 250 µm/s respectively, while the laser pulse-width was varied from 150 fs to 4.5 ps (Fig. 1A-E, right) . For this range of pulse-widths, a window between 500 fs and 2.75 ps was present where guided modes were supported at both 635 nm and 1560 nm. Mode size in this range was relatively consistent with a minimum mode-field-diameter (MFD) of 11.3 µm, which was found for features written at 1.5 ps. However, at 500 fs the mode size was much larger, with a measured MFD of 20 µm, further indicating the possibility of temporal distortion of the writing pulse through nonlinear interactions, leading to a reduced increment in refractive index.
Waveguide losses were measured using the Fabry-Pérot resonance technique [1, 8] and are shown in Fig. 2 . The resulting fringe pattern for this measurement is shown at left, giving the lowest loss in this study of 0.65 dB / cm for a feature written at 1.5 ps pulse-width. When plotted together, the resulting loss and mode-field-diameter indicate an optimal processing window between 1-1.5 ps, where the lowest loss and smallest MFD coincide (Fig. 2, right) .
To better understand these trends, confocal Raman imaging was performed on several laser-written features fabricated with different pulse-widths In a first order approximation, the broad bands of the characteristic Raman spectra of GLS glass can be correlated to the modification degree of the original network, giving some indication of the effects that pulse-width may have on this material. Fig. 3 shows the cross-sectional Raman intensity images of these bands for three different waveguides fabricated with pulse-widths of 1, 1.5, and 2.1 ps respectively.
All waveguides displayed a decrease in Raman backscattering intensity, indicating the presence of broken bonds and / or extended defects, both of wich likely contibte to refractive index change and increased propagation losses. Raman data shows larger damage for features written at 2.1-ps than those produced by 1 and 1.5 ps. This data is consistent with loss measurements displayed in Fig. 2 , where losses for features above 2.1 ps increae dramatically. The potentially stronger refractive index change induced by 2.1 ps pulses is confined to a smaller area than features produced by 1 and 1.5 ps. This could explain the similar mode sizes found for waveguides produced by 1, 1.5 and 2.1 ps pulses. Pulses shorter than 1 ps may give rise to additional losses from poor mode confinement, due to the spread of refractive index change over a larger area caused by nonlinear material interactions with the writing pulse.
In summary, we have demonstrated ultrafast laser fabrication of circularly symmetric waveguides in GLS chalcogenide glass. An optimal processing window was found for writing pulse-widths of 1 -1.5 ps, for which the lowest propgation loss and MFD were found to be 0.65 dB / cm and 11.3 µm respectively. Confocal Raman imaging data suggests that the increased propagation losses may be due to broken bonds within the GLS glass network. 
